We present X-ray absorption spectroscopy and resonant inelastic X-ray scattering (RIXS) measurements on the iron L-edge of 0.5 mM aqueous ferricyanide. These measurements demonstrate the ability of high-throughput transition-edge-sensor (TES) spectrometers to access the rich soft X-ray (100-2000 eV) spectroscopy regime for dilute and radiation-sensitive samples. Our low-concentration data are in agreement with high-concentration measurements recorded by conventional grating-based spectrometers. These results show that soft-X-ray RIXS spectroscopy acquired by highthroughput TES spectrometers can be used to study the local electronic structure of dilute metal-centered complexes relevant to biology, chemistry, and catalysis. In particular, TES spectrometers have a unique ability to characterize frozen solutions of radiation-and temperature-sensitive samples.
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I. INTRODUCTION
Transition metals play critical roles in industrial and biological processes. The function of many catalysts is determined by changes in the oxidation state, symmetry, and spin state of an active transition-metal center. Study of the local electronic structure is necessary to understand catalytic function so that new industrial processes can be developed and enhanced.
1,2 The study of biocatalysts such as enzymes is especially important to further understand disease pathways, 3 develop new drugs, 4 and create bio-mimetic catalysts 5 that can be used in industry.
Core-level X-ray absorption spectroscopy (XAS), where an incident beam of X-rays is varied in energy to excite core electrons into unoccupied valence states, is a powerful tool to decipher the local electronic structure of materials with atomic specificity. The core-tovalence transition obeys energy and momentum conservation and strong selection rules that display sensitivity to the oxidation state, spin state, and local symmetry of the excited atom and its chemical surrounding.
6,7
In the soft-X-ray regime (100-2000 eV), XAS has been widely adopted for the lightelement K edges (1s→2p) and 3d-transition-metal L edges (2p→3d) due to the dipole transition into the valence orbitals of interest. 6, 8 Although the "textbook" XAS, i.e. the photoabsorption cross-section per atom, can be determined via transmission through a thin film, XAS spectra are often more conveniently collected via detection of secondary processes involving either electron or photon decay channels as an indicator of X-ray absorption. In the soft-X-ray regime, most measurements are performed via detection of electrons ejected from the sample (electron yield or EY), due to the abundance of ejected electrons and the relative ease of detection for conductive samples (a drain-current measurement via a sensitive ammeter often suffices). However, electrons have a very short mean free path in matter and are strongly impacted by electric and magnetic fields, so EY detection is surface-sensitive and requires conductive samples to avoid buildup of a surface charge that can severely distort or eliminate the XAS signal. 9 As a result of these limitations, fluorescence yield (FY) detection is a more natural tool to probe samples that are non-conductive, require in-situ setups that electrons cannot penetrate, or for which bulk sensitivity is desired. Unfortunately, the L-edge FY signal is hundreds of times weaker 10 than the EY signal, leading to low FY count rates. Solid-state detectors such as silicon-drift detectors (SDDs) and charge-coupled devices can be used to obtain acceptable count rates from dilute systems, 11, 12 but are limited to energy resolution on the order of 50 eV (FWHM) at 700 eV. 13, 14 These detectors, which have sensitivity to all X-ray energies, can obtain the total-fluorescence-yield (TFY) spectrum via collection of all X-ray emission from the sample, but for dilute compounds the TFY signal may be dominated by emission from the background matrix of the sample rather than the atomic center of interest. In this case, it is customary to collect a partial-fluorescenceyield (PFY) spectrum that consists only of photons emitted by the desired atomic center at specific emission energies. This results in an improved signal-to-background ratio, but for low-concentration samples, in particular for measurement of 3d transition-metal L edges in an oxygen-rich matrix, the poor energy resolution of a solid-state detector can lead to a background in PFY spectra that is prohibitively high.
In resonant inelastic X-ray scattering (RIXS), the X-ray emission spectrum is recorded as a function of the exciting X-ray energy, providing access to resonantly excited X-ray emission spectra as well as low-energy loss features relative to the elastic peak. broadened the reach of soft-X-ray spectroscopy, the custom-made nature of these solutions has limited their adoption.
Radiation sensitivity adds a constraint to the study of transition-metal sites, because many samples can only be exposed for a finite time before significant damage occurs; such damage often results in reduction of the active site. Sample damage has been observed to be linearly dependent on X-ray dose, 32 so the brightest, most focused beamlines will damage samples the fastest. Several groups at X-ray free-electron lasers and synchrotrons have used liquid sample jets with diffraction gratings to overcome damage when measuring dilute transition-metal solutions. 25, 30, 33 The jet ensures a continuous supply of undamaged sample which in turn allows the long measurement times needed to compensate for the low throughput of the grating. However, these experiments require a very bright synchrotron beamline or free-electron laser, a complicated liquid jet, a long measurement time, and a large sample volume, rendering them out of reach for many experimenters.
These challenges have prevented L-edge soft-X-ray spectroscopy from being applied to many dilute, radiation-sensitive systems. Instead, the vast majority of studies use hard Xrays (> 4 keV) to probe K edges, which involve the promotion of 1s core electrons. 34 There are many experimental advantages to working with hard X-rays; K edges have significantly higher fluorescence yields than the corresponding L edges, 10 the emission can be efficiently monochromatized with Bragg crystals, and hard X-rays are much more penetrating than soft X-rays, which makes experiments less sensitive to the light element matrix, the sample environment, and X-ray windows. Although it is experimentally convenient to use hard X-rays, especially for dilute samples, K-edge XAS suffers from intrinsic energy broadening caused by the short lifetime of the 1s core hole (> 1 eV for transition-metal K edges, compared to < 0.2 eV for the corresponding L edges). In 1s2p RIXS, which involves a K-edge 1s→3d absorption followed by the detection of 2p→1s emission photons, 35 inelastic losses corresponding to L-edge excitations can be analyzed. Here the energy broadening in the emission direction is set by the lifetime of the 2p 5 3d n+1 final state configuration, which is the same as the L-edge XAS final state. 34 Although 1s2p RIXS has been used in place of Ledge XAS for samples which are difficult to measure with soft X-rays, it is sensitive to effects such as transition metal 3d 4p mixing as well as the tail of the intense 3p dipole transitions, which can substantially complicate the interpretation of the 1s2p RIXS spectrum, and direct measurement of L-edge XAS and RIXS spectra is preferable.
We have commissioned an array of transition-edge-sensor (TES) detectors 36 as a spectrometer for XAS and RIXS. TES detectors are energy-dispersive (ED) devices, meaning that a TES detector directly measures the energy of each incident X-ray photon. TES detectors have much better spectral resolution than solid-state detectors. Unlike wavelength-dispersive grating spectrometers, for which good energy resolution depends on a narrow entrance slit or focused beam and small acceptance angle, an array of TES detectors provides a large collection area, high quantum efficiency, and does not require a focused beam. TES arrays can therefore attain both a higher photon throughput and lower radiation dose rate than diffraction gratings. 37 The combination of sufficient energy resolution to study most orbital and charge-transfer excitations and high throughput allows practical PFY-XAS and RIXS measurements on dilute, damage-sensitive samples. In this paper we present measurements on frozen solutions of aqueous ferricyanide (
to demonstrate the ability of the TES array to obtain PFY-XAS and RIXS spectra from undamaged samples as dilute as 0.5 mM.
II. METHODS

A. Instrument
We have developed and fielded an energy-dispersive soft-X-ray spectrometer for use at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 10-1. This spectrometer is based on an array of transition-edge-sensor detectors that directly measure the energy deposited by incident X-rays. Each TES detector is a cryogenically cooled, temperaturedependent resistor. When an X-ray hits a detector, the TES heats and the resistance increases sharply. The resistance change causes a current change, which can in turn be read out by sensitive cryogenic amplifiers. 38 Signals from the TES are processed with the techniques described by Fowler et al. 39 to determine the energy of each detected X-ray.
The TES array at beamline 10-1 consists of 220 operational detectors, each of which has an effective area of 104 µm by 84 µm. The total active area is 1.9 mm 2 , and the array can be positioned as close as 30 mm to the sample, and so spans a maximum solid angle of 0.002 sr.
The array has been operated at output count rates up to 10,000 counts per second. The energy resolutions of the detectors in this array range from 1.5 eV to 2 eV at 700 eV.
described by Fowler et al., 40 the instrumental energy-response function of the detectors is a
Gaussian with an exponentially decaying tail to low energies.
The TES allows substantial reduction of noise in an absorption spectrum. In a FY-XAS scan, the noise is primarily set by counting statistics of signal and background counts. We define N sig for a given monochromator step to be the rate of counts of fluorescent emission collected by the detector in the X-ray line(s) of interest, while N back for that monochromator step is the detected rate of all other X-rays. The total number of signal counts is thus N sig * t and the total background is N back * t, where t is the integration time in a given monochromator step. Background X-rays are generally fluorescent emission from other atoms, but can also be X-rays from the elastically scattered beam or X-rays from other rarer events. Assuming
Poisson arrival statistics and N sig t + N back t ≫ 1, the signal-to-noise ratio, or SNR, per monochromator step is then given by:
Typically, N sig /N back is set by the sample and the ability of the detector to reject background emission. In a TFY-XAS scan, in which all emitted X-rays are counted, good SNR can be obtained if N sig √ t is made very large, so that N sig √ t ≫ N sig + N back . However, for a dilute sample, N back may be much larger than N sig , so
If α is very small, it is difficult to increase either N sig or t enough to achieve high SNR, because SNR only increases as the square root of either of these quantities. In a PFY-XAS scan detected by a typical ED spectrometer such as an SDD, which has energy resolution no better than ∆E FWHM = 50 eV in the soft-X-ray energy range, the argument is similar:
the efficiency of the ED detector allows high N sig , but N back may still be large, especially in dilute samples. A PFY-XAS scan acquired by a grating spectrometer, by contrast, can reduce N back to nearly zero because background emission is separated in energy from signal emission. This is valuable to increase SNR, especially in dilute samples, as in this case
The drawback of grating spectrometers is their low collection efficiency, which results in a very small N sig and increases the time needed to achieve a given SNR. This can push achievement of acceptable SNR out of reach for many dilute samples of interest. Our TES spectrometer, by contrast, combines the large collecting efficiency of an ED spectrometer with good energy resolution so that N back ≈ 0, but N sig is still large enough that SNR ≈ N sig t > 1 for reasonable measurement times t. 6 ] was purchased from Sigma Aldrich and used without further purification.
B. Experiment
Solutions with concentrations from 0.5 mM to 500 mM were prepared in deionized water.
These liquid samples were then deposited onto a specially designed aluminum bar with shallow sample pockets and rapidly frozen in liquid nitrogen. This sample holder was then immediately mounted to a cryogenically cooled (LN 2 ) copper receiver, pumped to high vacuum pressures (< 10 −7 Torr), and kept at 80 K for the duration of the measurements.
We did not use any window to cover the face of the frozen liquid samples. Measurements were performed on frozen aqueous solutions of 0.5 mM, 5 mM, 50 mM, and 500 mM concentration.
X-ray spectra were recorded at the soft-X-ray wiggler beamline 10-1 of the Stanford Synchrotron Radiation Lightsource. The X-rays were monochromatized via a spherical grating monochromator with 1000 lines/mm and 20 µm entrance and exit slits, which provided 6 ]. 32 The X-rays impinged onto the surface of the frozen solution at
45
• degree incidence and emission was recorded in the horizontal plane (along the E-vector of the incoming, linearly polarized X-rays). We operated the TES detector array at a sampleto-detector distance of about 50 mm, corresponding to a solid angle of about 0.0008 sr. III. RESULTS Figure 1 shows both 3d2p and 3s2p PFY-XAS spectra for all sample concentrations.
The 3d2p PFY-XAS spectrum contains only emission from the 2p 5 3d n+1 → 2p 6 3d n (3d2p) transition, following the 2p 6 3d n → 2p 5 3d n+1 L-edge absorption. 3s2p PFY-XAS contains the 2p 5 3s 2 3d n+1 → 2p 6 3s 1 3d n+1 (3s2p) emission. To create the 3d2p PFY-XAS spectrum we integrated all emission from 680-840 eV, and for the 3s2p spectrum we integrated emission from 590-640 eV. 41 Our 3d2p PFY-XAS spectra have acceptable SNR even at the lowest concentration of 0.5 mM. The measured 3s2p fluorescence is a factor of six weaker than the 3d2p fluorescence, but useful 3s2p PFY-XAS is still achieved at 5 mM. 42 Figure 2 shows two unnormalized XAS spectra from the 0.5 mM data to illustrate the levels of background counts in the PFY and equivalent TFY measurements. Before we use our detector's energy resolution to reject emission from background matrix elements, the background level (N back t)
is about 120,000 counts per incident energy bin, the SNR is low as predicted by Eq. 2, and the iron L-edge spectral features are entirely obscured. After we window to select just the 3d2p emission, N back is reduced by a factor of 10,000 and the SNR increases by a factor of 100. Figure 2B demonstrates the challenge faced by TFY detectors; because SNR (Eq. 2)
improves as the square root of the total counts, a detector collecting a TFY signal would have to collect 10,000 times as many counts as our TES detector in order to achieve the same signal-to-noise ratio. A typical grating spectrometer, on the other hand, would be expected to have the same signal-to-background level displayed in Figure 2A , but would have to spend 100 times as long as our TES to collect that signal, due to the 100-fold lower throughput of most grating systems. spectrum can be expected to reproduce the true X-ray absorption cross-section, which will be identical to the electron-yield spectrum. Figure 3B shows that our 3s2p PFY spectrum is indeed a close match to a conventional TEY spectrum that we obtained on a powdered sample.
In figure 4 we show a portion the RIXS planes collected from the 500 mM and 5 mM samples. These RIXS planes reproduce all of the major features of the RIXS plane published by
Kunnus et al., 33 which was produced from a liquid-jet setup with a K 3 [Fe III (CN) 6 ] concentration of 500 mM. Thus we demonstrate that TES-RIXS of archetypal model compounds can replicate RIXS taken by conventional soft x-ray grating spectrometers, while the TES has the ability to probe much lower concentrations than have previously been attainable. 
IV. DISCUSSION
Measurement of dilute samples is part of a long-standing effort by the spectroscopy community to access the electronic structure of transition-metal active sites. 12, 30 As part of this effort, aqueous ferricyanide has been a prototype system for X-ray spectroscopy, especially in the study of metal-ligand charge transfer and differential orbital covalency. 43 Compounds such as ferricyanide then serve as references to infer the local electronic structure of complex metalloproteins. Despite the progress made with model compounds, the overarching goal remains to obtain spectra from actual metalloproteins and to compare these spectra to those of the model compounds. Whereas model compounds are easy to work with and can be prepared at Fe concentrations exceeding 500 mM, many important metalloproteins can only be prepared in the 0.5 mM to 5 mM concentration range, which has been a significant impediment to their study in the soft-X-ray regime. Despite the relative ease of measur- a RIXS plane at those low concentrations. 12 In this context, our measurement of a PFY spectrum from a 0.5 mM sample with a TES spectrometer is a substantial step toward making measurements of dilute samples a routine capability of soft-X-ray beamlines. These measurements are made possible by the unique combination of high throughput and 1.5 eV energy resolution provided by the TES spectrometer.
can be damaged by prolonged exposure to X-rays, so we restricted the radiation dose delivered to the sample by using a large beam spot (1 mm 2 ) and a short scan time. A typical grating spectrometer requires a tightly focused, 10 µm×100 µm spot, which yields a radiation dose rate one thousand times higher than that of a 1 mm×1 mm beam.
A high dose rate makes it extraordinarily difficult to complete a full monochromator energy scan on a solid sample before damage occurs, which is why grating-based measurements in the soft-X-ray regime often require a liquid jet. A liquid jet mitigates radiation damage, but restricts the application of soft-X-ray L-edge measurements to samples in liquid solution that can be prepared in large volumes. Because the TES is energy-dispersive, not wavelengthdispersive, the beam spot size does not affect its energy resolution. For dilute solid samples that are even more sensitive to X-ray damage than K 3 [Fe III (CN) 6 ], we could defocus the X-ray beam to a 10 mm 2 spot, which would yield even lower photon-induced damage without loss of data quality or increase in acquisition time. This is an enabling capability for static radiation-sensitive samples.
Our TES spectrometer measures the 3d2p and 3s2p emission simultaneously. As presented in figure 3 , the 3s2p spectrum is a close match to the TEY spectrum, whereas the 3d2p spectrum contains distortions due to "state-dependent decay." 44, 46, 47 The 3s2p PFY-XAS is, barring saturation effects, a direct representation of the XAS cross-section, much like the TEY-XAS mode is for appropriately concentrated and conductive samples. Additionally, the 3s2p PFY-XAS measurement does not suffer from self-absorption effects like the 3d2p can, because the 3s2p emission is below the iron edge and cannot be resonantly re-absorbed.
Despite the advantages of 3s2p measurements, published examples of 3s2p spectra are rare because the lower intensity of the 3s2p emission leads to time-consuming data collection with a traditional grating spectrometer. Because the TES spectrometer collects all X-ray energies simultaneously, TES data sets automatically contain the 3s2p emission spectrum, which will be an invaluable proxy for the "textbook" XAS cross-section for low-concentration samples from which TEY-XAS cannot ordinarily be measured.
V. CONCLUSION
We have collected L-edge XAS and RIXS spectra on frozen samples of aqueous K 6 ]. The TES array is able to collect spectra at these low concentrations due to the unique combination of high efficiency and sufficient energy resolution. The TES has several distinct advantages over traditional spectrometers that have been used to measure L-edge spectra of dilute biological samples. The TES spectrometer is able to probe lower sample concentrations, collect a wide range of emission energies, and measure solid, radiation-sensitive samples. Unlike a grating spectrometer, the TES is able to measure with a large x-ray beam spot to prevent sample damage without sacrificing energy resolution or acquisition time. These advantages will allow us to measure important metalloproteins that are susceptible to damage and cannot be concentrated more 
